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FROM EBR-II RUNS 25 THROUGH 30A 

by 

I. A. Engen and R W. Hyndman 

ABSTRACT 

Reactivity-perturbation experiments have been con
ducted in EBR-II during many reactor runs. The resul ts of 
the experiments conducted during runs 25 through 30A are 
presented here to provide a large amount of data in a com
pact form suitable for reference. This report d iscusses the 
experimental rod-drop and oscillator methods used, but does 
not discuss the application of the resul ts to reactor evaluation. 

I. INTRODUCTION 

Kinetics studies of Experimental Breeder Reactor II (EBR-11) 
were made during runs 25 through 30A to study the stability charac te r 
ist ics of the reactor , enable mathematical modeling, and determine the 
effects of interchange of depleted-uranium blanket with stainless steel 
reflector. The present report descr ibes the rr^ethods used and gives the 
resul ts in tabulated and graphic form. 

These resul ts were obtained largely by the rod-drop method, but 
include osci l la tor- rod measurements from run 26. Kinetics studies of 
EBR-II have been hampered by mechanical failures of the oscil lator rod. 
The original reciprocating oscil lator failed during the initial power runs, 
requiring the development of the rod-drop technique. Rod-drop m e a s u r e 
ments were begun in run 24. During the same run, a new rotary oscil lator 
was installed and checked out. The oscillator data were initially collected 
by the analog Four ie r technique, but an evaluation of the technique indicated 
that the system e r r o r was approximately ±4%. To reduce the e r r o r and 
speed up analysis , an on-line digital method was developed. The exper i 
mental checkout, at a reactor power level of 500 kW, showed the difference 
between calculated and measured values of the t ransfer function to be only 
0.25% in amplitude and 0.25° in phase. The usefulness of the oscil lator 
proved to be limited, however, because the rotating section through the 
reactor rubbed against the thimble at 30 MW and above. This could only 
be caused by bowing of either the rotating section or the thimble. The 



oscillator was removed and the rod-drop method resumed. Rod drops were 
used for analysis for runs 25 through 30. A new oscillator system was m-
stalled for run 26. Again the rubbing occurred and only limited data were 
obtained. 

Although the kinetics studies have been hampered by lack of the 
oscillator, much valuable data have been obtained from rod drops. The 
rod-drop technique consists of (a) data acquisition, using the IBM 1620 
computer in real time, (b) performance of an inverse kinetics computation 
to obtain the feedback reactivity, and (c) development of a describing func
tion for the feedback reactivity. 

The following sections describe the oscillator and rod-drop methods 
in detail, and then describe the data-reduction methods used. 

II. MEASUREMENT SYSTEM 

A. Oscillator Method 

Transfer-function data for runs 24 and 26 were based on a sinusoidal 
excitation of reactor power with a rotary-type oscillator rod located in a 
control-rod position. The drive mechanism for the rod consisted of a syn
chronous motor that drove through a Vari-Speed gearbox to provide a 
reactivity-insertion rate ranging from 0.002 to 9 rps. The upper limit of 
9 rps, established through out-of-pile tes ts , was due to mechanical reso
nance effects in the drive rod that coupled the Vari-Speed drive to the 
oscillator rod. The lower limit of 0.002 rps was fixed by mechanical 
limitations of the gear train. 

Sine and cosine potentiometers were attached directly to the Var i -
Speed unit so that one complete rotation of the oscillator rod resulted in 
complete sine and cosine cycles. Although attempts were made to minimize 
the angular displacement of the sine-cosine signals with respect to the reac
tivity insertion, the exact relationship was established during zero-power 
tests by rotating the oscillator rod in both directions. 

Figure 1 is a cross-sect ional view through the oscillator rods used 
during runs 24 and 26. Rotation of the rods about the vert ical axis cycled 
the B4C column(s) in and out with respect to the core. 

For run 24, the oscillator rod contained two columns of B4C, which 
were counterbalanced by two columns of Al^Oj. Both mater ia ls were con
tained in Type 304 stainless steel tubeg. The total reactivity worth of the 
rod measured between the least and the most reactive positions was es tab
lished as 21.8 Ih through period measurements at essentially zero power. 



Although useful information was generated with this rod in run 24, two defi
ciencies were noted. The amplitude of the reactivity insert ion was too 
large; unacceptably large power oscillations were generated at the lower 
frequencies. Even more objectionable was a tendency for the rod to rub 
against its thimble at the lower frequencies and, on occasion, to seize. 
The rubbing tendency was dependent not only on frequency but on power. 
Thus, at higher power levels, the rod was very likely to rub and seize at 
lower frequencies. These effects were attributed to the unequal generation 
of heat in the poison and inert sections. The resulting temperature gradient 
presumably caused enough bowing in either the rod or its thimble to bring 
about a mechanical contact. 

RUN 2 e 

OUTER TUBE (SS) 

Fig. 1. Cross Sections of Rotating Oscillator Rods Used in Runs 24 and 26 

In an a t t e m p t to e l i m i n a t e t h e s e u n d e s i r a b l e e f f ec t s , a s econd o s c i l 
l a t o r rod w a s f a b r i c a t e d . In th i s s econd rod , one of the two p o i s o n s e c t i o n s 
w a s r e p l a c e d wi th a so l id Type 304 s t a i n l e s s s t e e l rod . C o u n t e r w e i g h t s on 
the o p p o s i t e s ide c o n s i s t e d of a s t a i n l e s s s t e e l rod and a tube f i l led wi th 
AI2O3. S u b s e q u e n t p e r i o d c a l i b r a t i o n m e a s u r e m e n t s , conduc ted b e t w e e n the 
l e a s t and m o s t r e a c t i v e p o s i t i o n s , r e s u l t e d in a p e a k - t o - p e a k r e a c t i v i t y 
w o r t h of about 1 1 Ih. 
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Despi te the effor ts to r educe the t e m p e r a t u r e g r a d i e n t a c r o s s the rod 
by r emoving a p p r o x i m a t e l y half the h e a t - g e n e r a t i n g s o u r c e , i . e . , the B4C 
poison , subsequen t t e s t s r e v e a l e d that the rubbing p e r s i s t e d . N e v e r t h e l e s s , 
useful in fo rmat ion at the h ighe r f r e q u e n c i e s was ob ta ined d u r i n g run 26 wi th 
the second o s c i l l a t o r rod. 

F i g u r e 2 i s a d i a g r a m of the 
s i g n a l - c o n d i t i o n i n g and d i g i t a l -
r e d u c t i o n s y s t e m s for t r a n s f e r -
function a n a l y s i s . The i o n - c h a m b e r 
p r e a m p l i f i e r (OA-1) is a s t a n d a r d 
o p e r a t i o n a l a m p l i f i e r u s e d a s a 
c u r r e n t - t o - v o l t a g e c o n v e r t e r . The 
m e a s u r e d bandwid th on a l l r a n g e s 
u s e d for t e s t i n g is 480 Hz. The 
l i n e a r i t y of the p r e a m p l i f i e r i s 
a p p r o x i m a t e l y 0.02%, a s m e a s u r e d 
by the c o m p u t e r s y s t e m . The output 
of the p r e a m p l i f i e r i s se t to ob ta in 
the m a x i m u m s i g n a l tha t wi l l not 
exceed 10 V du r ing the p e a k of the 

swing. This s igna l i s then fu r the r modif ied at O A - 3 by s u b t r a c t i n g out the 
s t e a d y - s t a t e (dc) component and amplifying the ac c o m p o n e n t to a g a i n k e e p 
the p e a k - t o - p e a k va lues in the r ange ±10 V. A m p l i f i e r s O A - 4 and -5 a r e 
used as buffer a m p l i f i e r s for the s ine and cos ine s i g n a l s , r e s p e c t i v e l y . The 
outputs of t he se a m p l i f i e r s d r ive the 500-ft l i ne s connec t ing the d a t a -
acqu i s i t ion r o o m to the c o m p u t e r r o o m . The NAVCOR a n a l o g - t o - d i g i t a l 
(A/D) c o n v e r t e r i s used , u n d e r c o n t r o l of the IBM 1620 c o m p u t e r , to con 
v e r t s igna l s to d ig i ta l f o r m and to load the d ig i t i z ed i n f o r m a t i o n into the 
c o m p u t e r for a n a l y s i s . 

The ana ly t i ca l technique has been d i s c u s s e d in d e t a i l by Hyndman 

Fig. 2. Signal-conditioning and Digital-reduction 
Systems for Transfer-function Analysis. 
ANL Neg. No. ID-103-I5335. 

and Tuck . ' Br ief ly , the folio 
r e a l t ime : 

wing equa t ions a r e so lved by the c o m p u t e r in 

1 ^ 

^̂ '""̂  = Sir Z li ^°^ ("̂  At) (1) 

and 

N 

"̂"̂ ""̂  = iJiT Z li «i" ("^ At), (2) 
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w h e r e 

and 

N = n u m b e r of s a m p l e po in t s (N > 2400) such tha t s a m p l i n g i s 
o v e r an i n t e g r a l n u m b e r of c y c l e s , 

Ij = i th s a m p l e of i o n - c h a m b e r output , 

At = t i m e b e t w e e n s a m p l e s , 

Ki = n o r m a l i z i n g c o n s t a n t s d e t e r m i n e d by s a m p l i n g i n t e r v a l , 
and offset v o l t a g e , s y s t e m gain , and to t a l d e l a y e d - n e u t r o n 

Ki f r a c t i o n , 

O) = o s c i l l a t i n g f r equency , 

Re(co) = r e a l p a r t of t r a n s f e r funct ion, 

Im(oD) = i m a g i n a r y p a r t of t r a n s f e r function. 

The c o m p u t e r then p r i n t s out the m a g n i t u d e and p h a s e of the t r a n s f e r 
funct ion G(s ) , the z e r o - p o w e r t r a n s f e r funct ion Go(s), and the f eedback 
function H(s ) . 

The a c c u r a c y of the t r a n s f e r - f u n c t i o n me thod i s i l l u s t r a t e d g r a p h i 
ca l l y in F i g . 3, which g ive s the d i f f e r ence b e t w e e n m e a s u r e d and c a l c u l a t e d 
z e r o - p o w e r p h a s e and a m p l i t u d e v a l u e s . 

ts 

o 

C
E

N
T 

OC 

0.5 

0.0 

-0.5 

o.s 

0.0 

-0.5 

' 
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1 

• 
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Phase correction: tan"'(f/I53.0), t - Hj 

Max phase error = 0.25* 
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1 1 1 

1 
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1 1 
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1 1 1 

1 1 

-

1 1 

FREPUEMCr. H2 

Fig. 3. Accuracy of Open-loop Transfer-function Measurement 

B. R o d - d r o p Method 

In the r o d - d r o p m e t h o d , reac t iv i ty i s r e m o v e d in approx imate ly 
280 m s e c f r o m the s y s t e m in a p s e u d o r a m p m a n n e r by d r o p p i n g ( s c r a m m i n g ) 
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a control-rod subassembly that contains stainless steel rods m place of 
fuel elements. Substitution of stainless steel for fuel reduces the total 
worth of the rod from a nominal value of 130 Ih to approximately 1 2 Ih^ 
Depending on details of core loading, on type of reflector, and on rod-bank 
configuration, the worth of the rod varies within the limits ±2 Ih. Because 
of the variation, the rod is carefully calibrated pr ior to a se r ies of measu re 
ments Rod drops are controlled from a special panel, which, through 
supervisory and administrative control, permits the removal of the drop 
rod from the safety circuits . The rod can then be dropped at the option of 
the experimenter 

The data-acquisition system used for rod-drop analysis is essentially 
the same as that used for oscil lator-rod experiments, except that the sine 
and cosine channels are used for the rod-position and experiment-init iate 
signals. The A / D converter is placed in the digitizing mode by the IBM 1620 
computer. Digitizing continues until the test is terminated by the computer. 
The storage of data starts upon receipt of an initiate signal, 0.5 sec before 
drop time. The first 0.5 sec of data provides a measure of the average 
power level before the rod drop. Data are loaded into the computer until 
any preselected number of data points less than 9000 are stored. After 
completion of the digitizing and storage, the data are written on magnetic 
tape for future processing. The sampling rate is determined by an oscil
lator internally connected to the A / D converter. The maximum sampling 
rate m this mode of operation is approximately 300 samples per second 
per channel. 

The data stored on magnetic tape consist of nonnormalized digital 
values representing drop-rod position and the perturbation in reactor power. 
To explain how these values are normalized, we must examine the signal 
conditioning, which occurs in the data-acquisition system. 

Power data originate as the current output of an ion chamber. The 
current is proportional to reactor power, -1.0 x 10"^ A/MW. As shown in 
Fig. 2, the ion-chamber current is fed to a preamplifier (OA-1) for current-
to-voltage conversion. Range selection allows the output signal from OA-1 
to be confined to the range of 2-8 V, and this signal in turn is fed to a 
variable-gain operational amplifier (OA-3). An offset voltage is used to 
delete most of the signal, and the remaining signal is amplified by gain 
adjustment. Typically, a gain of 30 is applied to the remaining signal so 
that the output signal from OA-3 lies in the range of -10 to +10 V. the 
signal is then attenuated by the NAVCOR A / D converter so that the stored 
power data lie in the range of -1.800 to +1.800 V. 

The power trace is reconstructed by measuring the system gain 
between OA-3 and the computer. The product of the system gain and the 
offset voltage at OA-3 is added to each stored power point. Power data 
are next normalized to an average of 24 points that precede the rod drop 
Rod position is normalized by referring the total change in signal to the 
total change in rod position. 



T h i s m e t h o d of da t a a c q u i s i t i o n i s u s e d for a l l rod d r o p s At z e r o 
p o w e r (500 kW or l e s s ) , the rod w o r t h v e r s u s p o s i t i o n i s d e t e r m i n e d . The 
r e s u l t i n g r o d - w o r t h c u r v e t h e n s e r v e s a s input for the a n a l y s i s of r o d - d r o p 
da t a t a k e n wi th the r e a c t o r o p e r a t i n g a t p o w e r . 

The r e a c t i v i t y c a l c u l a t i o n is b a s e d on an i n v e r s e - k i n e t i c s code 
d e v e l o p e d by H y n d m a n and Nicholson .^ The input to the code c o n s i s t s of 
the n o r m a l i z e d p o w e r t r a c e and the rod pos i t i on . F o r z e r o p o w e r o r c a l i 
b r a t i o n , the r e a c t i v i t y i s c o m p u t e d and p r i n t e d out for e a c h p o s i t i o n of the 
rod Input for the p o w e r r u n s c o n s i s t s of n o r m a l i z e d p o w e r , rod pos i t i on , 
and the r o d - c a l i b r a t i o n c u r v e . The output for the p o w e r run i s the r e a c 
t iv i ty f eedback v e r s u s t i m e 

The r e a c t i v i t y f eedback i s then u s e d to d e t e r m i n e a f eedback m o d e l 
by the fol lowing equa t ion : 

t - T -

F B ( t ) . y --' - - ' " " '' f ' [ 1 - P ( r ) ] e x p ( - ^ - ^ ) d f . (3) 
i î X ^ î ' 

w h e r e 

and 

F B ( t ) = feedback , 

A- = m a g n i t u d e of feedback of i th ternn, 

Tj = t i m e c o n s t a n t of f eedback of i th t e r m , 

Tj = t r a n s p o r t lag of f eedback of i th t e r m , 

P ( t ' ) - n o r m a l i z e d p o w e r , 

t = t i m e a f t e r rod d r o p , 

t ' = d u m m y i n t e g r a t i o n v a r i a b l e . 

E r r o r s in the i n s t r u m e n t a t i o n have b e e n d i s c u s s e d in Sec t ion A a b o v e . 
H o w e v e r , one a d d i t i o n a l s o u r c e of e r r o r i s the r o d - w o r t h v a r i a t i o n a s a 
funct ion of p o w e r . As d i s c u s s e d in Ref. 2, a c o r r e c t i o n m u s t be m a d e for 
s o m e p o w e r l e v e l s . 

I l l E B R - I I KINETICS DATA 

R e a c t o r - k i n e t i c s e x p e r i m e n t s p e r f o r m e d d u r i n g r u n s 25 t h r o u g h 30A 
c o n s i s t e d of o s c i l l a t o r e x p e r i m e n t s ( r u n s 26B and 26C) and r o d - d r o p e x p e r i 
m e n t s d u r i n g the v a r i o u s r u n s and s u b r u n s i t e m i z e d in T a b l e I . ' 
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TABLE I. EBR- I I Core Loadings 

Date 

6/29 to 8/18/67 
9/22 to 9/29/67 
10/11 to 11/20/67 
11/22 to 12/l2/67a 
3/7 to 3/11/68 
5/9 to 5/13/68 
5/15 to 5/27/68 
5/29 to 6/15/68 
6/2 6 to 7/5/68 
7/15 to 7/22/68 
8/21 to 9/5/68 

Run 

25C-25E 
26A 
26B 
26C 
27C 
28A 
28B 
28C 
29A 
29C 
30A 

Total Number 
of Subassemblies 

in Core 

88 
88 
91 
91 
90 
86 
88 
88 
87 
90 
91 

Number of In-core 

Exp er imental 
Subassemblies 

11 

11 
12 
16 
17 

6 
10 
16 
15 
15 
16 

^Osc i l l a to r e x p e r i m e n t s but no rod d r o p s du r ing run 26C. 

In addit ion to e x p e r i m e n t a l s u b a s s e m b l i e s , the c o r e in runs 26B 
through 28C conta ined both the o s c i l l a t o r and the s t a i n l e s s s t e e l d r o p rods 
At the end of run 28C, the o s c i l l a t o r was r e p l a c e d by a s t a n d a r d c o n t r o l rod 
A s t a i n l e s s s t ee l i nne r r e f l e c t o r was u s e d f r o m r u n s 25 t h r o u g h 29B, af ter 
which the s t a i n l e s s s t e e l r e f l e c t o r was r e p l a c e d by a d e p l e t e d - u r a n i u m 
blanket . 

A. Reduct ion of O s c i l l a t o r Data 

The data obta ined du r ing the o s c i l l a t o r e x p e r i m e n t s of runs 26B and 
26C c o n s i s t e d of t r a n s f e r - f u n c t i o n m e a s u r e m e n t s at 500 kW 22 5 MWt 
30 MWt, and 41.5 MWt. F r o m t h e s e m e a s u r e m e n t s the feedback was ' 
ca l cu la t ed . 

With the r e a c t o r c o n s i d e r e d to be a l i n e a r s y s t e m , the s i m p l e block 
d i a g r a m shown in F i g . 4 r e p r e s e n t s the r e l a t i o n s h i p of feedback to t r a n s f e r 
function, 

I (s) + 

Av 

Goi--^) 

H(s) 

. 0 ( s ) 

J 
L 

Fig. 4. Block Diagram of Feedback Control System 
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where 

and 

I(s) = driving function, 

0(s) = output, 

H(s) = feedback, 

Go(s) = open-loop transfer function, 

A = switch, 

s = Laplace- t ransform variable, jco. 

The open-loop or zero-power transfer function. Go(s), is determined 
by the nuclear proper t ies of the reactor core and descr ibes the reactor 
transfer function for the special case in which the temperature-dependent 
feedback is negligible. In Fig. 4, this is equivalent to having the switch at 
A open so that the feedback. H(s), is disconnected. With the switch closed, 
the feedback is connected and the block diagram represents the closed-
loop reactor system operating at some significant power level 

The closed-loop transfer function, G(s), is then defined in t e rms of 
the block diagram as 

G(s) = 
Go(s) 

1 + Go(s)H(s)-
(4) 

The feedback H(s) can readily be separated from this expression: 

H(s) = G(s)-' - Go(s)-'. (5) 

Computation of values for H(s) requires Go(s)" to be computed. 
Go(s) is obtained from the usual space-independent, one-energy-group, 
l inearized reac tor -k ine t ics equations,* using six beta fractions as listed 
in Table II. The equation for the open-loop transfer function is 

Go(s) 
" 0 

z s + Xi 

where 

no = initial neutron concentration. 

Pj = ith delayed neutron fraction, 

Xj = ith decay constant, 
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and 

&* - neutron generation time. 

s = Laplace-transform variable, JCD. 

T A B L E 11. E B R - I I D e l a y e d - n e u t r o n P a r a m e t e r s 

( o n e - e n e r g y g roup) 

D e l a y e d - n e u t r o n 
F r a c t i o n , /3i 

Ẑ > 

0.00025842 
0.00151386 
0,00137510 

T i m e C o n s t a n t . 
\i, s e c " ' 

0.0127 
0.0317 
0.1150 

0,00744364; I* = 1,5555 x 10" 

Index, i 

D e l a y e d - n e u t r o n 
F r a c t i o n , /3i 

0 .00300787 
0 ,00104661 
0 ,00024178 

T i m e Constant , 
X;, s e c ' ! • 

0.3110 
1.4000 
3.8700 

Values for Go(s), G(s), and H(S) are given in Tables IV through XVII 
(in Appendix A). Figures 5-10 (in Appendix B) are Nyquist plots of feedback; 
the units are cents, obtained by multiplying H(s) by (/3"' x 10^). 

B. Reduction of Rod-drop Data 

Rod-drop measurements resulted in a large amount of data during 
the period covered. Normalized power and negative feedback as functions 
of time are shown in Figs. 11-51 (also in Appendix B). The data a re 
smoothed by six-point averaging. It has been noted in Ref. 2 that an adjust
ment to the rod-worth calibration was necessary for run 26. These values 
and subsequent adjustments are listed in Table III. The lack of an entry 
indicates that no adjustment was made. Adjustment consisted of increasing 
the worth of the rod by a percentage of its calibrated worth. 

T A B L E m . R o d - w o r t h C o r r e c t i o n s (%) 

Rijji Numbe r: 2 6 
Rod Worth, $: 0,04172 

27A 
0,038 

28A 
0.0434 

28B 
0.04923 

28C 
0.04865 

29A 
0,04948 

29C 30A 
0,04075 0 .03750 

22.5/100 
22.5/58 
22.5/54 
25.0/100 
30.0/100 
35.0/100 
41.5/100 
45.0/100 

+ 1 

+2 
+2 
+ 3 
+4 
+4 

+ 5 

+7 

+ 7 
iS 

Examination of the feedback obtained for run 28B at 22.5 MWt with 
full and reduced flow seems to indicate that an adjustment is also necessa ry 
for these experiments. The feedback obtained without adjustment of rod 
worth is shown in Figs. 29 and 30. 



Average rod worth and feedback magnitude at 2 sec after the rod 
drops at 41 5 MWt were computed for comparable experiments performed 
during runs 25, 26B and 28A through 29A The averages were $0.0441 for 
rod worth and $0 0096 for feedback The standard deviations were $0.0045 
for rod worth and $0 0021 for feedback 

Note that rod-drop data taken during and after run 28A were sampled 
at the standard sampling rate during the first 2 sec (200 samples /sec) , but 
the sampling rate was reduced by a factor ol two after 2 sec This allowed 
recording of data for longer t imes following the rod drop without sacrificing 
definition of power during the period of rapid change immediately after the 
rod drop Note also that the initial power is averaged for 24 samples taken 
at the initial sampling rate to obtain an average to which the data can be 
normalized 

Data obtained more than 30 sec after a rod drop may be unreliable, 
as the bulk-sodium tempera ture does not necessar i ly remain constant for 
longer t imes 

C. Feedback Modeling 

Feedback models were developed from both oscillator and rod-drop 
data taken during run 2fa ^ 

Development of a t ime-domain model for the feedback which closely 
approximates the feedback as measured by the methods of Ref 2 requires 
from five to seven t e rms in Eq 3 if the approximation is to be good over 
a time span of about 30 sec following the rod drop. 

% 
Models developed from rod-drop da'a obtained during runs 29A and 

29C are shown in Figs 52 and 53 

Feedback in both the oscillator and rod-drop experiments is the 
"negative" feedback of the reactor system in the sense that negative 
feedback inhibits change 

IV SUMMARY 

Rod-drop experiments have provided the greatest contribution to this 
report , however, it is desirable to compare resul ts obtained by this method 
to resul ts obtained from oscillator experiments The tables and plots in this 
report provide much data for this comparison and for other studies involving 
the performance of EBR-II 

When resul ts i rom ttie reactor runs covered here a re compared, the 
reactor loading and the inner-blanket mater ia l must be considered Gross 
differences may be implied by a significant change in the grid loading. 
Table 1 indicates the changes in grid loading, and Ref 5 gives diagrams 
for the loadings covered in this report . 
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A P P E N D I X A 

Tabu la ted O s c i l l a t o r Data 

TABLE IV. Computed Open-loop Transfer Function, Go(s) 

Frequency of 
O s c i l l a t i o n , 

Hz 

Amplitude, 
An/n 
Ak/k 

Phase, 
deg 

Frequency of 
Oscillation, 

Hz 

Amplitude, 
An/n 
Ak/k 

Phase, 

0.00100 
0.00150 
0.00200 
0.00250 
0.00300 
0.00350 
o.ooUoo 
0.001*50 
0.00500 
0.00600 
0.00700 
0.00800 
0.00900 
0.01000 
0.01500 
0.02000 
0.02500 
0.03000 
0.03500 
0.01*000 
O.OU500 
0.05000 
0.06000 
0.07000 
0.08000 
0.09000 
0.10000 
0.15000 
0.20000 
0.25000 
0.30000 

1837.8000 
1279.6000 
1006.7000 
31+5.6600 
739.6800 
661*. 8800 
609.3900 
566.6200 
532.6200 
if-81.7700 
1+45.11+00 
1+17.0600 
39*+. 5000 
375.7600 
313.2700 
276.5100 
251.9000 
231+.1800 
220.8300 
210.1+600 
202.2200 
195.5600 
185.5600 
178.1+900 
173.2700 
169.2600 
166.0800 
156.3500 
151.0100 
II+7.5IOO 
II+5.OI+OO 

-77.9720 
-73.1350 
-69.0810 
-65.61+30 
-62.6850 
-60.1150 
-57.8710 
-55.9070 
-51+.18I+0 
-51.3380 
-1+9.1160 
-1+7.31+80 
-1+5.9100 
-I+1+.7110 
-1+0.5850 
-37.7810 
-35.5120 
-33.51+60 
-31.7880 
-30.1900 
-28.7290 
-27.3910 
-25.01+70 
-23.0870 
-21.1+1+70 
-20.0670 
-18.8970 
-11+.9990 
-12.7230 
-11.11+30 

-9.9^+22 

0.35000 
0.1+0000 
0.1+5000 
0.50000 
0.60000 
0.70000 
0.80000 
0.90000 
1.00000 

.50000 

.00000 

.50000 

.00000 

.50000 
1+. 00000 
1+. 50000 
5.00000 
6.00000 
7.00000 
8.00000 
9.00000 

10.00000 
20.00000 
30.00000 
1+0.00000 
50.00000 
60.00000 
70.00000 
80.00000 
90.00000 

100.00000 

11+3.2300 
11+1.8500 
11+0.7800 
139.9300 
138.6600 
137.7700 
137.1300 
136.6500 
136.2800 
135.2900 
13!+.8900 
131+.7000 
131+.5900 
131+. 5200 
131+. 1+800 
131+. 1+500 
131+. 1+300 

131+. 1+000 
131+.3800 
131+.3700 
131+.3700 
131+.3600 
131+. 31+00 
131+. 31+00 
131+. 31+00 
13'+. 3300 
131+.3300 
131+.3300 
131+.3300 
131+.3300 
13'+.3200 

-8.9852 
-8.2009 
-7.5^+50 
-6.9875 
-6.0890 
- 5 . 3 9 t e 
-1+.8396 
-U.3862 
-1+.0085 
-2.7909 
-2.1352 
-1.7291 
-1.1+51+5 
-1.2573 
-1.1092 
-0.991+3 

.9028 

.7670 

.6719 

.6023 

.51+97 
-0.5091 
-0.3676 
-0.3701+ 
-0.1+095 
-0.1+630 
-0.5237 
-0.5886 
-0.6561 
-0.7253 
-0.7957 

- 0 . 
- 0 . 
- 0 . 
- 0 . 
- 0 . 



TABLE V. Computed and Measured Open-loop Transfer Function, 3o(s^ 

Frequency of 
Oscillation, 

Hz 
Amplitude, 

comp 
Phase, 
comp 

Amplitude, 
me as 

Phase, 
roe as 

8 .80300 

5 .15600 

1+. 00900 

1.97300 

0.971*00 

0 .79800 

0 .60300 

0.1*9900 

0.1*0000 

0 .30100 

0 .20000 

0 .09900 

Frequency of 
O s c i l l a t i o n , 

Hz 

6 .21072 
1*. 05057 
2 .50105 
1.50223 
1.15661 
O.96U77 
0 .79985 
0 .58380 
0 .50102 
0.3991*8 
0 .30027 
0 .20023 
0 .20027 
0 .19980 
0 .13980 
0 .09955 
0 .09953 
0 .08016 
o.oSoii* 
0 .08013 
0 .06063 
0.06061* 
O.OU07O 
0.01*071 
0 .01985 
0 .01985 
0 .00987 
0 .00987 
0 .00782 
0 .00567 

1.3'*370E+02 

1.3l*l*01E+02 

1.3'*l*8lE+02 

1.3'*895E+02 

1.36329E+02 

1.37097E+02 

1.38580E+02 

1.39893E+02 

1.U1805E+02 

l.l*l*9l*8E+02 

1.50968E+02 

1.66226E+02 

-5.51*OOOE-01 

-7. '*500OE-01 

-I.IOOOOE-OO 

-2.I5IOOE-OO 

-U.O9IOOE-OO 

-1*.81*OOOE-00 

-6.O65OOE-OO 

-7 .00000E-00 

-8.O205OE-OO 

-9.923OOE-OO 

-1.27260E+01 

-I.8963OE+OI 

TABLE VI. Run 2 6 B T r a n s f e r F u n c t i o n a t 

Open- loop 
Ampl i tude , 

a n / n 
a k / k 

1.3l*l*01E+02 
1 . 3l4ll82E+02 
1.3'*703E+02 
1.35289E+02 
I.35853E+O2 
1.361*01E+O2 
I .37I36E+02 
I.38837E+O2 
1.39915E+02 
1.U1869E+02 
l.l*5033E+02 
1.5099l*E+02 
1.50990E+02 
1.51029E+02 
1.57822E+02 
1.66213E+02 
1.66216E+02 
1.73200E+02 
1.73209E+02 
1.73212E+02 
I.85039E+O2 
l.8503l*E+O2 
2.09182E+02 
2.0917'*E+02 
2.7737'*E+02 
2.77UOIE+O2 
3.77936E+O2 
3.77926E+02 
l*.2l600E+02 
U.96201E+O2 

Open- loop 
phase . 

deg 

-7 .U3957E-01 
-1 .09595E-00 
-1.72812E-0O 
-2.7867UE-00 
-3 .52912E-00 
-U.1338UE-OO 
-U.83999E-00 
-6.21813E-OO 
-6.97667E-OO 
-8.20790E-OO 
-9.93589E-OO 
-I.2715OE+OI 
- I .27133E+OI 
- I .27306E+OI 
- I .56108E+01 
- I .89458E+OI 
-I.89U70E+OI 
-2.1U226E+01 
-2.1U252E+01 
-2.11*266E+01 
-2.U9115E+OI 
-2.I*9101E+01 
-2 .99755E+01 
-2 .997 ' t lE+Ol 
-3.78529E+OI 
-3 .78552E+01 
-U.I48496E+OI 
-l*.lt8l»90E+01 
-l*.7636J*E-*01 
-5 .21772E+01 

1.3'*370E+O2 

1.3'»509E+02 

1.3'*233E+02 

1.35070E+02 

I .36158E+02 

1.3719'*E+02 

I .38629E+-2 

l.l*0102E+O2 

l.l*193'*E+02 

1.U4950E+O2 

1.51069E+O2 

1.66521E+02 

2 2 . 5 MWt, 05 (5 ) and 

C l o s e d - l o o p 
Ampl i tude , 

An/n 
a k / k 

1.3'*338E+02 
1 . 3l*2ltlE+02 
1.3'*l*03E+02 

« 1 . 3 ' * 8 O 8 E + 0 2 

1.3'*025E+02 
1.3l*560E+02 
1.31*01* 3E+02 
I .33II6E+O2 
1.33110E+02 
1.3363l*E+02 
1.35071E+02 
1.3992'*E+02 
1.3897'*E+02 
1.389U1E+02 
1.UU60UE+02 
1.538l*lE+02 
1.52087E+02 
1.58301E+02 
1.56158E+02 
1.58898E+02 
1.67990E+02 
1.71378E+02 
1.91389E+02 
I .91909E+02 
2.55994E+02 
2.55298E+02 
3.U9W*lE+02 
3.51002E+O2 
3.981*03E+02 
I1.66393E+02 

-5.5l*O0<2;-01 

-6.88OOOE-OI 

-I.0260OE-OO 

-2 .21900E-00 

-3.86OOOE-OO 

-U.768OOE-OO 

-6.O9OOOE-OO 

-7.050OOE-0O 

-8.O82OOE-OO 

-9.8O2OOE-OC 

-1.27170E+O1 

-1.900l*0E+01 

a(s) 

C l o s e d - l o o p 
Phase. 

deg 

-2.52U98E-OI 
-U.6U583E-OI 
.1,.I(9U1»1E-01 
- 1 . 2 5 9 0 9 E - 0 0 
-1 .57920E-00 
-1 .85357E-0O 
-2 .39816E-00 
-3.W»777E-00 
-U.51868E-OO 
-5.79699E-OO 
-7.97105E-OO 
-I .17877E+OI 
-1 .13321E+01 
-1.0l*13l*E+01 
- 1 . 1 * 8 U 5 8 E + 0 1 

-I.929OOE+OI 
- I .88693E+OI 
-2.20575E+O1 
-2 .21753E+01 
-2 .20212E+01 
-2.61025E+O1 
-2 .55255E+01 
-3.07'+85E+01 
-3.IO898E+OI 
- 1 * . 0 1 * 6 5 6 E + 0 1 

-3 .98952E+01 
-U.U9636E+OI 
-U.67775E+01 
-5.OO926E+OI 
-5.336i'3E-K)l 
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TABLE VII. Run 26B Feedback at 22.5 MWt, H(s) 

Frequency of 
Oscillation, 

Hz 

Amplitude, 
Ak/k 
An/n 

phase, 
deg 

Real 
Part 

Imaginary 
Part 

6.21072 
U. 05057 
2.50105 
1.50223 
1.15661 
0.961*77 
0.79985 
0.58380 
0.50102 
0.399'*8 
0.30027 
0.20023 
0.20027 
0.19980 
0.13980 
0.09955 
0.09953 
0.08016 
O.O8OII* 
0.08013 
0.06063 
O.O606U 
0.01+070 
0.01*071 
0.01985 
0.01985 
0.00987 
0.00987 
0.00782 
0.00567 

6.39332E-05 
8.30959E-05 
I.66687E-0I* 
1.991752-01* 
2.7l'*'*5E-Ol* 
3.10395E-01* 
3.5650UE-Olt 
'*.71501E-Olt 
l*.8l991E-0l* 
5.3096M-0I* 
5.6UU31E-0I* 
5.35669E-0I* 
5.96321E-0I* 
6.l*0lU5E-0l* 
5.85901E-0I* 
U.85295E-01* 
5.58992E-0I* 
5.'*7537E-Ol* 
6.35379E-0I* 
5.238'*9E-olt 
5.61007E-O'* 
1*. 31*8252-01* 
U.U9525E-0I* 
'*.lt0935E-Ol* 
3.U6318E-0I* 
3.39566E-0I+ 
2.15827E-01* 
2.23015E-01* 
1.7323'*E-0lt 

1.35811E-01* 

-8.633U9E+01 
-7.996U7E+OI 
-8.31938E+01 
-8.037UOE+01 
-6.57l*32E+01 
-6.B1565E+01 
-5.82301E+01 
-l*.l*li*25E+01 
-3.49721E+01 
-2.81177E+01 
-1.67902E+01 
2.U4962E-01 
-U.19686E-00 
-1.U3079E+01 
6.5l*325E-00 
2.35598E+01 
1.80320E+01 
2.87673E+01 
2.90062E+01 
2.858B1E+01 
3.76516E+01 
3.31960E+01 
3.89966E+01 
U.32765E+01 
6.8793'tE+Ol 
6.20988E+01 
I*.63606E+01 

7.03096E+OI 
8.6019ltE+01 
7.12677E+OI 

l*.08690E-06 
I.UU798E-05 
1.975'*3E-05 
3.3305l*E-05 
I . I1517E-0I* 
I .15W9E-0I* 
I.87703E-OI* 
3.3835'*E-0l* 
3.9'*959E-0'» 
lt.683OOE-0l* 
5.40369E-0I* 
5.3566UE-0I* 
5.9U722E-0I* 
6.20289E-0'* 
5.8208l*E-0l* 
l*.ltlt81*2E-0l* 
5.31537E-01* 
lt .7996lE-0l* 
5.55682E-OI* 
l*.59982E-0'* 
1*. 1*1*17IE-0I* 
3.63863E-OI* 
3.l*9363E-Ol* 
3.2102l*E-0U 
1 .2527^-01* 

1.58899E-01* 
I . ' *891*6E-OI* 

7.51'*21E-05 
1.20257E-05 
l t .36l55E-05 

-6.38025E-05 
-8.l82l*l*E-05 
-I.65512E-0I* 
-I.9637IE-OI* 
-2.l*7l*80E-Ol* 

-2.88110E-OI* 
-3.03089E-0'* 
-3.2837'*E-Ol* 
-2.76266E-01* 
-2.50235E-01* 
-1.6301*68-01* 
2.29018E-06 

-l*.36l*09E-05 
-1.58200E-0'* 
6.67653E-05 
1.93975E-01* 
1.7303l*E-Ol* 
2.6350i*E-olt 
3.08098E-0I* 
2.50666E-01* 
3.U2696E-01* 
2.38069E-0'* 
2.8267l*E-Ol* 

3.02270E-01* 
3.22866E-0'* 
3.00093E-01* 
1.56193E-01* 
2.09975E-01* 
1.72816E-01* 

1.28617E-01* 

TABLE VIII. Run 26B Transfer Function at 30 KWt, a„(s) and a(s) 

Frequency of 
O s c i l l a t i o n , 

Hz 

I*. 02251 

1.991*98 

0.89671 

0.59219 

0.1*0652 

0.20175 

0.09757 

Open-loop 
Ampli tude, 

An/n 
Ak/k 

1.3UWUE+02 

1.3'*899E+02 

I.36666E+02 

1.387l*6E+02 

l.l*1702E+02 

1.50866E+02 

1.66795E+02 

Open-loop 
Phase , 

deg 

-1 .10309E-00 

-2 .13992E-00 

-i*.399'*i*E-oo 

-6 .15035E-00 

-8.108U9E-00 

-1.26590E+01 

-1.916UOE+01 

C l o s e d - l o o p 
Ajjiplitude, 

An/n 
Ak/k 

1 . 3l*275E+02 

1 . 3 ' * 1 2 6 E + 0 2 

1.32630E+02 

I .3188IE+02 

I . 3 I I I 6 E + 0 2 

I.35368E+O2 

l.i*8925E+02 

C l o s e d - l o o p 
Phase , 

deg 

-9.6i*883E-02 

-1*.68658E-01 

-1.0l*103E-00 

-2.2l*l*51E-00 

-l*.56l9l*E-00 

-1 .03226E+01 

-1 .81991E+01 



TABI£ IX. Run 26B Feedback at 30 MWt, H(s) 

Frequency of 
O s c i l l a t i o n , 

Hz 

1*. 02251 

1.991*98 

0 .89671 

0 .59219 

0.1*0652 

0 .20175 

0 .09757 

Ampl i tude , 
Ak/k 
An/n 

1.312'*l*E-0l* 

2.2IOI7E-OI* 

l*.88953E-Ol* 

6.28172E-0I* 

7.28565E-OI* 

8.IO699E-0I* 

7 .27260E-04 

Phase , 
deg 

-8.U3509E+OI 

-7.75'*27E*01 

-6 .02013E+01 

-U.91587E+OI 

-3.22U96E+OI 

-9.1l*675E-00 

1.02198E+01 

Real 
Pa r t 

1.29191E-05 

l*.7676lE-05 

2.l*2987E-Ol* 

l*.10803E-0U 

6 . l 6 l71E-0 l t 

8.0039l*E-0l» 

7.15722E-OU 

Imaginary 
.t>art 

-I .30607E-OI* 

-2.15813E-OU 

-U.2l*3oeE-OU 

-U.75227E-01* 

-3.88768E-0I* 

-1.28872E-01* 

I.29033E-OU 

TABLE X. Run 26B Transfer Function at Ul.5 MWt, GjCs) and 0(s) 

Frequency of 
O s c i l l a t i o n , 

Hz 

1*. 07902 

1.9821*6 

1.1*9922 

0.9921*3 

0 .79887 

0 .59829 

0.1*7889 

0 .39631 

0 .30175 

0 .19963 

Open- loop 
Ampl i tude , 

An/n 
Sk /k 

1 . 3l*'*80E+02 

1 . 3 ' * 9 0 6 E + 0 2 

1.35292E+02 

I.363O6E+O2 

1.37ll*lE+02 

1.38681E+02 

l.l*0269E+02 

l.l*19l»6E+02 

l.l*l*971E+02 

1.510l*l»E+02 

Open- loop 
Phase , 

deg 

-I.O8883E-OO 

-2 .15263E-00 

-2 .79188E-00 

- U . O S W E - O O 

-l*.81*l*87E-00 

-6.ioeooE-oo 
-7 .2I I99E-OO 

-8 .25351E-0O 

-9 .90l t60E-00 

-1 .27371E+01 

C l o s e d - l o o p 
Ampli tude, 

An/n 
Ak/k 

1.3'*l89E+02 

1.3l*105E+02 

, 1.3l*l80E-f02 

I.33187E+O2 

1.33032E+02 

1.31911E+02 

1.31750E+02 

1.30393E+02 

1.32121E+02 

1.3l*63l*E+02 

C l o s e d - l o o p 
Phase , 

deg 

2.8U2U5E-OI 

-8.61t840E-02 

-2.8690I1E-OI 

-l».8283l*E-01 

-I.OI1630E-OO 

-1.77l*6OE-0O 

-2.80068E-OO 

-3.61t862E-00 

- 5 . 9 5 5 2 1 E - 0 0 

- 1 . 0 0 1 * 2 8 E + 0 1 
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TABLE XI. Run 2 6 B Feedback a t U l . 5 MWt, H(s) 

Frequency of 
O s c i l l a t i o n , 

Hz 

1*. 07902 

1.9821*6 

1.1*9922 

0.9921*3 

0.79887 

0.59829 

0.1*7889 

0.39631 

0.30175 

0.19963 

Ampli tude, 
Ak/k 
An/n 

I .79II8E-OU 

2 . 7 1 7 1 8 E - 0 1 * 

3.3OI95E-OI* 

l*.91033E-Ol* 

5.3997OE-0I* 

6.69788E-OI* 

7.30115E-01* 

8.59315E-01* 

8.35505E-0I* 

8.717l8E-0lt 

TABLE XII . Run 26C 

Frequency of 
O s c i l l a t i o n , 

Hz 

5.9787I* 
i*.oi*3ia 
1.99667 
1.501*68 
0.98317 
0.9721*1* 
0.95359 
0.890U2 
0.75369 
0.60220 
0.1*0013 
0.29830 
0.19663 
0.19960 
0.09858 
O.O98UO 
0.79063 
0.05751 
0.02775 
0.02773 
0.01386 
0.00881 

Open-loop 
Ampli tude, 

An/n 
Ak/k 

1 . 3 ' * ' * 0 6 E + 0 2 

1.3Ult83E+02 
1.3'*898E+02 
1.35286E+02 
1.36337E+02 
1.3637ltE+02 
1.36U1+2E+02 
1.36693E+02 
1.37'*09E+02 
1.386I+0E+02 
l.l*i85l*E+02 
l.l*5115E+02 
1.51301E+02 
1.5101I7E+02 
1.66l*9l*E+02 
1.665'*BE+02 
i.73'*i+oE+oa 
1.87717E+02 
2.U1U95E+02 
2.21561E+02 
3.2l*Ul8E+02 
3.983ltltE+02 

phase , 
deg 

-8 . I* I*288E+O.I 

-7.950U1E+01 

-7.7771UE+01 

-6.72729E+01 

-6.2U13BE+01 

-5.25505E+01 

-lt .58802E+01 

-3.75132E+01 

-2.B699BE+01 

-1.087lt5E+01 

Trans fe r Funct ion a t 

Open-loop 
Phase , 

deg 

-7.69127E-OI 
-1.09781*E-00 
- a . l 3 8 2 2 E - 0 0 
-2 .78257E-00 
- 1 * . 0 6 7 2 8 E - 0 0 

-U.IO5B3E-OO 
-U.17532E-00 
- ' t .U2567E-00 
-5.0B155E-00 
-6.0713UE-00 
-8 .19862E-00 
-9.9779UE-00 
-1.2BI+93E+01 
-1.27382E+01 
-1.90513E+01 
-1.90717E+01 
-2.15017E+01 
-2.55911E+01 
-3.1*1*002E+01 
-3.ltU077E+01 
-U.135UOE+01 
-U.61557B+01 

Real 
P a r t 

I .73892E-O5 

U.9U976E-05 

6.99396E-O5 

I.B9706E-OI* 

2.5OO5OE-OI* 

l*.07273E-0l* 

5.08277E-0I* 

6.81620E-01* 

7.3286BE-01* 

8.56063E-01* 

22 .5 MWt, G„(s) and a( 

C l o s e d - l o o p 
Ampli tude, 

An/n 
Ak/k 

I.3U337E+O2 
1.3'*360E+02 
I.3U586E+02 
1.3l*510E+02 
1.3l*663E+02 
1.3'+139E+02 
1.3382l*E+02 
1.3U225E+02 
i.sitBBUE+oa 
1.3U260E+02 
1.3l*173E+02 
1.355B5E+02 
1.1*036 IE+02 
1.39912E+02 
1.528ll*E+02 
1.53689E+oa 
1.59986E+02 
1.73655E+02 
2.22230E+02 
2.23766E+02 
3.07029E+02 
3.7U5B1E+02 

Imagina ry 
p a r t 

-1.78272E-01* 

-2 .67I7IE-OI* 

-3.22703E-01* 

-l*.52907E-0l* 

-l*.78581*E-0l* 

-5.31738E-0I* 

-5.2l*139E-Ol* 

-5.23275E-OI* 

-U.01229E-0I* 

-I.6UU56E-O'* 

>) 

C l o s e d - l o o p 
Phase , 

deg 

-2 .58736E-OI 
-6.2l*392E-01 
-1 .05572E-00 
-1 .25212E-00 
-2.O5U87E-OO 
- I .6819IE-OO 
-2 .31793E-00 
-2.685I3E-OO 
-3 .28112E-00 
-3.895BOE-OO 
-6.135U5E-00 
-8 .35971E-00 
-1 .21690E+01 
-1 .16751E+01 
-1 .92889E+01 
-1.966B1E+01 
-2 .2 l* l6 lE+01 
-2 .68831E+01 
-3 .62588E+01 
-3 .66278E+01 
-1*.32B06E+01 
-U.863U1E+01 



TABLE XIII. Run 26C Feedback at 22.5 MWt, H(s) 

Frequency of 
O s c i l l a t i o n , 

Hz 

5.97871* 
1*. 01*312 
1 .99667 
1.501*68 
0 .98317 
0.972l*lt 
0 .95359 
0.8901*2 
0 .75369 
0 .60220 
0.1*0013 
0 .29830 
0 .19663 
0 .19960 
0.09858-
O.O98UO 
0 .07963 
0 .05751 
0 .02775 
0 .02773 
0 .01386 
0 .00881 

Ampl i tude , 
Ak/k 
An/n 

6.6U032E-05 
6.18U61E-05 
l.l»1265E-Ol* 
2.02537E-01* 
2.7l*77l*E-0l* 
3.35780E-Olt 
2.79U7OE-0I* 
2.61769E-01* 
2.67997E-01* 
3.6l*l*56E-Ol* 
U.8CI603E-01* 
5.2U539E-01* 
5.21573E-01* 
5 . 1 * 2 1 2 8 E - 0 1 * 

5.38296E-0I* 
5.06550E-01* 
l*.9l*221E-0l* 
l*.l*907l*E-0l4 
3.85303E-01* 
3.69000E-OI* 
2.0U521E-01* 
1.9i*679E-Oi* 

Phase , 
deg 

-8 .6 I92IE+OI 
-8.28l*05E+01 
-8.1U086E+01 
-7.58399E-KI1 
-6 .7559IE+OI 
-6.5771*1E-K)1 
-5.58936E+OI 
-5.55092E+01 
-5 .52767E+01 
-l*.'*8075E+01 
-2.57l*OOE+01 
-1.3l*173E+01 
+3.51U12E-OO 
-1.1»2111(E-00 
+ 2 . 1 9 1 * 0 6 E + 0 1 

+2.67558E+01 
+3.31't6QE+01 
+lt.23967E+01 
+5.66577E+OI 
+6.23870E+01 
+7.37238E+OI 
+e.25253E+01 

Real 
P a r t 

' * . I * 0 9 8 9 E - 0 6 

7.70796E-06 
2 . I I 0 3 1 E - 0 5 
U.95U72E-05 
1 . 0 ' * 8 8 9 E - O 1 * 

1.37781E-0U 
1.56707E-Olt 
l . l ^ 3 2 E - 0 l » 
1.5265'»E-Olt 
2.58573E-Olt 
U.32915E-OU 
5.10222E-0lt 
5.2O592E-0lt 
S.itigezE-oi* 
i*.99307E-0U 
l*.52315E-Olt 
U.13801E-01* 
3.31638E-0U 
2.11777E-0'* 
1.71029E-0lt 
5.73211E-05 
2.53255E-05 

Imaginary 
P a r t 

-6 .62566E-05 
- 6 . I 3 6 3 9 E - 0 5 
-1.3968OE.0'* 
-I .96383E-OU 
-2.53967E-OU 
-3.06209E-OU 
-2.31l*O0E-Ol» 
-a.lSTSltE-OU 
-2.20270E-0U 
-2.5681»2E-OU 
-2.0872CIE-0U 
-1.21715E-OU 
+3. I9696E-05 
-1 .3 ' ' l ' 53E-05 
+2.01133E-01* 
+2.2eolt2E-0'« 
+2.70e27E-OU 
+3.02792E-OU 
+3.21883E-OI* 
+3 .2697M-0 '* 
•H.9632l«E-0U 
*1.93025B-Ol* 

TABLE XIV. Run 26c Transfer Function at 30 MWt, G,(«) and 0{s) 

Frequency of 
O s c i l l a t i o n , 

Hz 

6 .00333 
1*. 01382 
2.1*6812 
1.1*8319 
0.9981*1* 
0 .99988 
0 .87928 
0.79231* 
0.691*82 
0 .60073 
0.1*1*361* 
0 .35200 
0.20221* 
0 .13908 
0 .09793 

Open- loop 
Ampli tude, 

An/n 
Ak/k 

I .3W06E+02 
1.3l*l*85E+02 
1.3l*713E+02 
I .3531IE+02 
1.36286E+02 
I .3628IE+02 
1.367U2E+02 
I .37178E+02 
I .37817E+02 
I .38655E+02 
1 . 1 * 0 9 0 8 E + 0 2 

I.U3169E+02 
1.50825E*02 
1.57933E+02 
1.66688E+02 

1 

Open-loop 
Phase , 

deg 

-7 .66359E-OI 
-1.1O532E-0O 
-I.7U996E-OO 
-2 .81957E-00 

-i*.ca36oE-oo 
-lt.0O86l£-OO 
-l*.l*7287E-00 
-U.87777E-00 
-5.1*2592E-00 
-6 .08286E-00 
-7 .62205E-00 
-8.9503l*E-00 
-1 .261t l lE+01 
- I .56565E+OI 
-1.912UOE-K)l 

1 C l o s e d - l o o p 
Ampli tude, 

An/n 
Ak/k 

1.3'*312E-t02 
1.3Wt33E*02 
1.3l*659E+oe 
1.3l*l'*0E-f02 
1.339l*6E-KI2 
1.3l»197E+02 
1.33832E+02 
1.3329UE+02 
I .3278IE+02 
1.32713E*02 
1.3096aE+02 
1.32101E+O2 
1.31*6lUE+02 
1.U2998E+02 
I.51U7IE+O2 

C l o s e d - l o o p 
PhAse, 

deg 

-8 .87278E-02 
-2.OO639E-OI 
-6 .13599E-01 
-8.6I1853E-OI 
-1.31*88 3E-00 
-1.258O2E-0O 
-1.5l*33l»E-00 
- I .7697IE-OO 
-2.06388E-OO 
-2.5893l*E-00 
-U.17283E-00 
-5.8338OE-OO 
- 1 . 0 6 l 3 6 E t O l 
-1.1*2203E-K)1 
- I .77I99E+OI 
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TABLE XV. Run 26c Feedback at 30 J-Mt, H(s) 

Frequency of 
O s c i l l a t i o n , 

Hz 

6.00333 
1*. 01382 
2.1*6812 
1.1*8319 
0.9981*1* 
0.99988 
0.87928 
0.79231* 
0.691*82 
0.60073 
0.1*1*361* 
0.35200 
0.20221* 
O.I39OB 
0.09793 

Ajnplitude, 
Ak/k 
An/n 

8.81763E-O5 
I.I7U58E-O'* 
l.l*7281*E-0l* 
2.61298E-0I* 
3.6729OE-0I* 
3.72797E-01* 
U.O9999E-OI* 
l*.53865E-Ol* 
5.136U3E-0I* 
5.53U09E-0I* 
6.97793E-0I* 
7.0631OE-0I* 
8.36175E-0I* 
6.B198OE-0I* 
6.22108E-0I* 

Phase, 
deg 

-8.62079E+OI 
-8.76630E+OI 
-B.767U8E+OI 
-7.3B725E+OI 
-6.6B979E+OI 
-6.9572IE+OI 
-6.U1826E+OI 
-5.B787UE+OI 
-5.38752E+OI 
-U.99838E+OI 
-3.3553BE+OI 
-2.6689IE+OI 
-5.67808E-OO 
+7.6351UE-OI 
+U.051U9E-OO 

Real 
P a r t 

5.83159E-O6 
l*.78959E-06 
5.975'*9E-o6 
7.2582UE-05 
1.1*1*113E-0I* 
1.301l6E-Olt 
I .78555E-0I* 
2.35198E-0I* 
3.02815E-OI* 
3.558U3E-01* 
5.81517E-OI* 
6.31057E-0I* 
8.32075E-01* 
6.81919E-0I* 
6.20553E-01* 

Imag ina ry 
P a r t 

- 8 . 7 9 8 2 8 2 - 0 5 
-I . I7366E-OI* 
- l . l*7l63E-0l* 
-2.51015E-0I* 
-3.37836E-OI* 
-3.U9352E-01* 
-3.69076E-0I* 
-3.88168E-0I* 
-l*.ll*887E-Ol* 
-U.23835E-OI* 
-3.85681*E-0l* 
-3.17238E-0I* 
-8 .27306E-05 
+9.08761*E-06 
+lt.39538E-Ol« 

TABLE XVI. Run 26c Transfer Function at 1*1.5 ^̂ Wt, Go{s) and a(s) 

Frequency of 
O s c i l l a t i o n , 

Hz 

U.0U0B5 

2.15827 

1.1*9933 

O.95B16 

0.82701 

0.71237 

0.52761 

0.39678 

0.30150 

Open-loop 
Ampli tude, 

An/n 
Ait/k 

I.3UI183E+02 

1.3M22E+02 

1.35292E+02 

1.361*25E+02 

I .3699IE+02 

1.376B8E+02 

1.39530E+02 

l.l*1935E+02 

1 . l*l*98lE+02 

Open-loop 
Phase , 

deg 

-I.098UIE-OO 

-I.9869UE-OO 

-2.79169E-OO 

-U.15828E-OO 

-l*.70805E-00 

-5.3I856E-OO 

-6 .71357E-00 

-8.2U675E-OO 

-9.90987E-OO 

C l o s e d - l o o p 
Ampli tude, 

An/n 
Ak/k 

I.3U186E+02 

1.3l*065E+02 

I.33U36E+02 

I.326U9E+02 

I .32107E+02 

I.3178UE+02 

1.30583E+02 

1.30l*l*2E+02 

1.30827E+02 

C l o s e d - l o o p 

deg 

+2 .87392E-02 

+2 .56881E-02 

-2. '*O217E-01 

-3 . I9U55E-OI 

-9 .6 l l*68E-01 

-1 .28777E-00 

-2.75963E-OO 

-3.9669OE-OO 

-6.3713OE-OO 



TABLE XVII. Run 26C Feedback at Ul.5 W t , H(s) 
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Frequency of 
O s c i l l a t i o n , 

Hz 

1*. 01*085 

2 .15827 

1.1*9933 

0 .95816 

0 .82701 

0 .71237 

0 .52761 

0 .36978 

0 .30150 

Ampl i tude , 
Ak/k 
An/n 

I.8079UE-OI* 

2.6U598E-0I* 

3 . I * 6 9 8 8 E - O 1 * 

5.39897E-0I* 

5.55902E-0I* 

6.15208E-0I* 

7.08779E-0I* 

8.28578E-01* 

8.70572E-01* 

Phase , 
deg 

- 8 . I * 3 7 6 1 * E + 0 1 

-7.99150E+OI 

-7.12519E-K)1 

-6.50l*22E+01 

-5.81366E+OI 

-5.U7938E+OI 

-1*.1I*1*68E+01 

-3.5l*210E+01 

-2.29035E+O1 

Beea 
P a r t 

I .77163E-05 

U.63337E-05 

1.11523E-01* 

2.27809E-01* 

2.93l*58E-0l* 

3.5l*678E-0Jt 

5.31279E-0'* 

6.75225E-01* 

8.019l*lE-0l* 

Imaginary 
P a r t 

-1 .79923E-0 ' t 

-2.60509E-Olt 

-3 .28577E-0l t 

-l*.89l*80E-0U 

-U.72132E-OU 

-5.O2675E-01* 

-lt.69157E-OU 

-U.80231E-OU 

-3 .3881IE-oU 
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APPENDIX B 

Plotted Oscillator Results 
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APPENDIX C 

Plotted Rod-drop Results for 
Power and Negative Feedback 
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Fig. 25. Rod-drop Results for Run 28A, 22.5 MWt. 54% Flow (5-10-68) 
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Fig. 31. Rod-drop Reiulti for Run 28C. 22.5 MWt, 58% Flow (6-3-68) 
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Fig. 32. Rod-drop Results for Run 28C, 22.5 MWt, Full Flow (6-4-68) 
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Fig. 33. Rod-diop Results for Run 28C, 41.5 MWt, Full Flow (6-4-68) 
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Fig. 34. Rod-drop Results for Run 29A, 12.5 MWt, Full Flow (7-1-68) 
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Fig. 38. Rod-drop Results for Run 29A, 45.0 MWt, Full Flow (7-1-G8) 
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Fig. 42. Rod-drop Results for Run 29C, 12.5 MWt, Full Flow (7-18-68) 
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Fig. 44. Rod-drop Results for Run 29C, 41.5 MWt, Full Flow (7-18-G8) 
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0.030 

0.025 

n non 

FE
ED

BA
CK

, 

T, 
! 

C
T

IV
IT

Y 

3
 

3
 

i 

Ul 
OC 

0 005 

0.000 

-0.005 

I 

l/^'' 

„-•* 

^'^ 

^̂^ 

, j - J i i » ^ * ^ 
„^-V 

"^-

Jl j^-* 

- - ^ 

^ V ' " 
^ l i - V 

l.s»r-^ 
^ * -

^ ^ 

.K*-'^' ' 
- t - " * - ^ 

-----

_^„»^^«t^'*"*^"'" ' 

tLJ»M a>i«a ̂  

100 

90 

80 = 

70 

° * ' '" '" 18 22 26 30 31 38 12 16 60 61 58 62 66 70 71 78 82 

TIME AFTER ROD DROP, SEC 

Fig. 48. Rod-drop Results for Run 30A, 12.5 MWt, Full Flow (8-27-68) 

60 



0.035 

0.030 

0.025 

0.020 

If 0.015 

ii 0.010 

0.005 

0.000 

-0.005 

k 

/ 
/ 

f 

/ 

--̂  

r 

/ 

. . ^ ' 

« 

.-.,*-/"̂  

..^^^ 
wf^'-'*' 

. ^ V ^ " 

v ' - ' " 
r ^ - -

- W - v 

100 

90 

80 ^ 

70 

60 
0 2 6 10 II I 22 26 30 31 38 12 16 50 51 58 62 66 70 71 78 82 

TIME AFTER ROD DROP, SEC 
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